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The bird olfactory system has a simple structure and affords an attractive developmental model for the study of olfactory
morphogenesis and differentiation. We have cloned and characterized several chick olfactory receptor (COR) genes belonging
to the superfamily of seven-transmembrane domain proteins. In situ hybridization analysis of their spatiotemporal patterns
of expression during development reveals several important characteristics. COR expression starts early in placodal cells
(Embryonic Day 5, E5). Changes in their expression pattern then correlate with the onset of synaptogenesis (E8). The adult
pattern, achieved before hatching, shows that cells expressing a particular COR are not regionalized within the epithelium.
By double-label in situ hybridization, we clearly demonstrate that a single cell does not coexpress different COR genes (or
subsets of CORs) at any stage of development. Following bulbar deafferentation, COR expression ceases more rapidly than
expected from previous axotomy experiments. Concomitantly, a reactivation of the Cash-1 gene, which is involved in
early neuronal speci®cation, could be an early sign of olfactory neuronal regeneration. Modulation of COR and Cash-1
expression points to a simultaneous process of neuronal degeneration and regeneration in the olfactory epithelium after
axotomy. COR expression is restricted to the olfactory epithelium except during early stages (before synaptogenesis). At
that time, cells distributed along the olfactory nerve, from the placode to the anterior telencephalon, also express CORs.
This cell population is different from the luteinizing hormone releasing hormone neurons migrating from the placode.
Our results show that the olfactory neurons or neuroblasts choose to express one COR before establishing functional
connections with the bulb. Later on, bulboepithelial connections seem important not only for olfactory neuron survival
but also for stimulation of COR expression. In addition, beyond their implication in functional odor detection, CORs could
be involved, at early stages, in processes of olfactory morphogenesis, including the establishment of a bulbar chemotopy.
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INTRODUCTION Parmentier et al., 1992; Nef et al., 1992; Raming et al.,
1993; Ressler et al., 1993) as well as in cat®sh (Ngai et al.,
1993a). It has been established that these receptors, belong-Odor perception requires a molecular machinery capable
ing to the superfamily of seven-transmembrane domain pro-of transforming a chemical stimulus into an electrical sig-
teins, themselves represent a large family encompassing dif-nal. As part of this machinery, odorant receptors are as-
ferent subfamilies. Moreover, from this large genomic reper-sumed to interact speci®cally with a given odorant mole-
toire, only one or a subset of OR genes are expressed percule and to play a major role in odor recognition (Lancet,
sensory cell, indicating a ®ne-tuning of OR gene expression1986). Genes encoding putative odorant receptors have re-
in adults (Chess et al., 1994). Expression studies in adultcently been characterized and their expression pattern stud-
animals have revealed that odorant receptors are distributedied in several mammalian species (Buck and Axel, 1991;
in four broad spatial zones within the nose, in mouse and
rat (Ressler et al., 1993; Vassar et al., 1993; Strotmann et
al., 1994). This spatial segregation is absent in the cat®sh1 Present address: UniteÂ de GeÂneÂ tique MoleÂculaire Humaine
(Ngai et al., 1993b) and cannot account for the chemotopy(CNRS, URA 1968), Institut Pasteur, 25 rue du Dr. Roux, 75724
Paris cedex 15, France. observed at the bulb level (Holley, 1991). However, this
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chemotopy could be explained by the convergence of axonal ble correlation between changes in bulboepithelial connec-
tions and spatiotemporal modi®cations of OR expression,projections from olfactory neurons expressing the same OR,
on one or a few glomeruli in the bulb (Vassar et al., 1994; under normal and experimental conditions.
The bulb affects the survival of olfactory neurons, as dem-Ressler et al., 1994). This points to the importance of axonal
guidance and target recognition in synapse organization for onstrated by target deprivation (bulbectomy or olfactory
nerve axotomy, Schwob et al., 1992). Under such condi-odor recognition. When and how this bulbar map is set up
remains unknown. This stresses the interest of an analysis tions, the degeneration and death of sensory cells is fol-
lowed by regeneration of new sensory cells (see Farbman,of OR expression under normal and experimental condi-
tions during development. 1992, for review). The molecular mechanisms involved in
sensory cell replacement are unknown. By analogy withWhile previous developmental studies concerning OR ex-
pression focused on rodent embryos (Nef et al., 1992; Mar- embryonic development, proneural and neurogenic genes
may be involved in the early steps of olfactory epithelialgalit and Lancet, 1993; Strotmann, 1995) we chose the avian
model. Birds represent attractive species for studying olfac- regeneration (Calof, 1995). Recent studies have demon-
strated that one murine homolog of the Drosophila achaete-tory receptor expression and olfactory system differentia-
tion. They are microsomatic species whose olfactory organ scute genes, Mash-1, is essential for the early phases of ol-
factory neuron development (Guillemot et al., 1993). Mash-has a relatively simple structure. Besides, owing to its acces-
sibility, the chicken embryo also offers an useful experi- 1 is also transiently expressed during olfactory neurogenesis
in vitro (Calof et al., 1994). Since this transient expressionmental system for studying the cellular and molecular
mechanisms underlying the maturation of the olfactory epi- could be required to generate sensory cells de novo in a
mature olfactory epithelium after bulbectomy or olfactorythelium.
The morphogenesis of the olfactory system has been thor- nerve axotomy (Gordon et al., 1995), we have studied the
expression of Cash-1 (the chick homolog of Mash-1; Jasonioughly described. Its main stages are fairly similar in birds
and mammals although their timing may differ (see Brunjes et al., 1994) under these experimental conditions.
We report the characterization of Chicken Olfactory Re-and Frazier, 1986; Farbman, 1992; Ayer-Le LieÁvre et al.,
1995, for reviews; Croucher and Tickle, 1989, for the chick). ceptor genes (COR2, 3, and 4) and the spatiotemporal
changes in their expression patterns during development.The presumptive territories of olfactory epithelium and
bulb have been identi®ed in early chick embryogenesis We show that in early development, COR transcripts are
present in the olfactory epithelium and in cells migrating(Couly and Le Douarin, 1985). The olfactory epithelium
(both neurons and supporting cells) derives from the olfac- from the olfactory placode. By double-label in situ hybrid-
ization, we demonstrate that different olfactory receptorstory placode, which also gives rise to diverse emigrating
neurons. Luteinizing hormone releasing hormone (LHRH) are never coexpressed in a single cell. Furthermore, COR
expression ceases surprisingly early after olfactory nerveneurons leave the placodal epithelium to migrate along the
forming nerves (olfactory nerve in birds, accessory and ter- axotomy, in conjunction with an increase in Cash-1 gene
expression. This suggests that olfactory degeneration andminal nerves in rodent). Thus, they reach the prosence-
phalic primordium and ®nally settle in the preoptic area regeneration occur concomitantly and that Cash-1 could be
involved in the latter.(Schwanzel-Fukuda and Pfaff, 1995). Other subpopulations
of migrating neurons expressing different neuronal markers
have also been detected along the olfactory nerve (Valverde
et al., 1993; Murakami and Arai, 1994). In the chick embryo, MATERIALS AND METHODS
the migration of epithelial cells is concomitant with, or
shortly precedes, axonal growth (Mendoza et al., 1982).
Cloning and Characterization of Chicken OdorantThese cells would form a substrate on which the axons can
Receptor Genesgrow to ®nd their way to their appropriate target (Farbman,
1992). RNA was prepared from the olfactory epithelia of 1-day-postnatal
The differentiation of sensory neurons starts early in or- chickens according to Chomczynski and Sacchi (1987), except that
ganogenesis, at the placodal stage (E3 in the chick), with RNA was treated with 1 U DNase per microgram of RNA (Boeh-
ringer-Mannheim). To obtain the ®rst cDNA strand, the RNA (0.2axonal elongation toward the anterior telencephalon and
mg/ml) was heated to 957C for 2 min and then incubated with 10expression of early neuronal markers (Baizer et al., 1990).
mM random hexamers (Pharmacia Biotech), 2 mM each of dATP,Subsequent morphological changes are associated with the
dCTP, dGTP, and dTTP, 25 U/ml RNase inhibitor (Promega), andactivation of speci®c genes, including those involved in the
12 U/ml Moloney murine leukemia virus reverse transcriptase intransduction of the olfactory signal (Margalit and Lancet,
11 reverse transcriptase buffer (GIBCO BRL), for 10 min at room1993). A role for central bulbar neurons in olfactory differen-
temperature and for 60 min at 377C. After heating to 957C for 10
tiation has been demonstrated under experimental condi- min, reverse transcription products were treated with RNase A (0.2
tions (Chuah et al., 1985; Barber et al., 1982; Doucette et mg/ml) for 15 min at room temperature, precipitated, and dissolved
al., 1983). It is unknown whether a retrograde effect of the in 50 ml H2O. Ten microliters of this cDNA was subjected to PCR
bulb on the olfactory epithelium would also include regula- according to Scharf (1990). PCR ampli®cation cycles were as fol-
lows: 957C for 45 sec, 557C for 2 min, and 727C for 1 min pertion of OR expression. We have therefore looked for a possi-
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cycle for 35 cycles. Two degenerate oligonucleotides were made onto Superfrost/Plus slides (Menzel-Glaser, Germany), and treated
for hybridization as described by Schaeren-Wiemers and Ger®n-according to the sequence of rat putative odorant receptors (Buck
and Axel, 1991) and used as PCR primers: upstream primer, 5*- Moser (1993). Clones encoding full-length cDNAs for the three
receptors were used as templates to generate riboprobes rangingCGGAATTCATG(G/A)ITA(T/C)GA(T/C)(C/A)GITA(T/C)
(G/C)TIGCIAT(C/T)TG; downstream primer, 5*-CGGGATCCA- from 1.2 to 1.3 kb in size. The Cash-1 cRNA probe was 1.9 kb in
length (the Cash-1 cDNA clone was a gift from Dr. T. A. Reh,CIA(C/T)I(C/G)(T/A)IA(G/T)(G/T)TGI(C/G)(T/A)I(C/G)(C/A)
(G/A)CAIGTI(C/G)(T/A)(A/G)AA. These primers contained a re- Seattle). RNA probes were labeled with either digoxigenin-11±UTP
or ¯uorescein-11±UTP, enabling a double-label in situ hybridiza-striction enzyme site (EcoRI and BamHI, respectively) in their 5*
terminus. The PCR ampli®cation products were fractionated on tion coupled with a differential immunological detection when re-
quired. Prehybridization, hybridization, washing, and immunologi-agarose gels. Ampli®ed DNA fragments migrating at the expected
size were puri®ed from the gel, digested with the restriction en- cal detection conditions were as described by Schaeren-Wiemers
and Ger®n-Moser (1993). Hybridization was visualized either withzymes (EcoRI and BamHI), and ®nally ligated into a pGEM4Z vec-
tor (Promega). Three recombinant clones, COR2, 3, and 4, were 4-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl
phosphate (NBT/BCIP, Boehringer), which gives a blue precipitate,then sequenced by the dideoxy chain termination method
(T7Sequencing kit, Pharmacia). or with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium
chloride and BCIP (INT/BCIP, Boehringer), which gives a brown
precipitate.
Isolation and Analysis of Genomic Clones
A Lambda Fix II genomic library (Stratagene) was successively Double-Label in Situ Hybridization
screened at high stringency with three 32P-labeled probes (Prime-a-
Tissue preparation, hybridization, and washing conditions for dou-Gene, Promega) derived from COR2, 3, and 4, respectively. Several
ble-label in situ hybridization were as described above, except that arecombinant phages were isolated, puri®ed, and characterized by
mixture of ¯uorescein-labeled probe and digoxigenin-labeled proberestriction analysis (Sambrook et al., 1989). Recombinant DNA
was added to the hybridization medium. After hybridization andfragments encompassing the entire coding sequences of COR2, 3,
washes, the anti-¯uorescein antibody conjugated with alkaline phos-and 4 were subcloned into the pGEM4Z vector and sequenced.
phatase was applied to sections and ®nal detection performed with
NBT/BCIP. Slides were then treated in 100 mM Glycine±HCl, pH
2.2, for 1 hr to remove the antibody and immersed in buffers compati-Southern and Northern Blot Analyses
ble with the second immunological detection (see Schaeren-Wiemers
Genomic DNAs prepared according to Moreau et al. (1981) were and Ger®n-Moser, 1993). The latter was done with the anti-digoxi-
digested with the appropriate restriction enzymes, size-fractionated genin antibody coupled to alkaline phosphatase and INT/BCIP used
on agarose gels, and blotted onto Hybond N membranes (Amer- as chromogen.
sham) according to the manufacturer's instructions. The mem-
branes were dried at 807C and prehybridized and hybridized in 51
ImmunocytochemistrySSPE (0.75 M NaCl, 50 mM NaH2PO4rH2O, 5 mM EDTA, pH 7.4),
1% sodium dodecyl sulfate (SDS), 50% formamide, 51 Denhardt's The antibody to LHRH (LR1) was a kind gift from Dr. Benoit
(0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% BSA), 5% dextran (San Diego). Immunodetection was performed as described by Nor-
sulfate, and 100 mg/ml tRNA, at 427C (Maniatis et al., 1982). Blots gren and Gao (1994). The antibody to Ca2//calmodulin-dependent
were successively hybridized with the 32P-labeled COR2, 3, and 4 protein kinase type II (anti-CaM kinase II, Boehringer) was used as
PCR fragments. They were then washed with up to 21 SSPE, 1% recommended by the manufacturer.
SDS, and 50% formamide at 427C.
Poly(A)/ RNA was prepared from various tissues from 16-day
Transections of Olfactory Nervesembryos (Sambrook et al., 1989). Seven micrograms of each RNA
was size-fractionated on formaldehyde-agarose gels and blotted At 16 days of incubation, an incision was made through the
onto Hybond N membranes (Amersham). Prehybridization and hy- chorioallantoic membrane and the head pulled out of the egg. The
bridization were carried out as above. Blots were washed with up section was made using Pascheff-Wolff scissors between the eyes
to 0.11 SSPE, 1% SDS at 607C. The integrity of the RNA was at the level of the tip of the comb from the right eye to the midline.
con®rmed by hybridization with a quail b-actin probe. It is approximately 4 mm deep and includes the lacrymal bone.
The section was followed by the insertion of a piece of sterile
Millipore ®lter (pore diameter 0.22 mm; Millipore Corp.). The eggsAnimals and Embryos were returned to the incubator until sacri®ce for analysis 20±48
hr later. Before freezing the head, a rapid dissection of the bulb andFertilized chicken eggs (JA 57) from a commercial source (Animal
the proximal olfactory nerve region was performed to check thatSelection Institute, Lyon, France) were incubated at 387C. Before
the transection was complete.E8, embryos were staged according to Hamburger and Hamilton
(1951). Between 6 and 12 embryos for each stage were sectioned
and treated for in situ hybridization. Testes from 2 cocks (4 months
RESULTSold) were also sectioned.
Isolation and Characterization of Chicken
Olfactory Receptor GenesIn Situ Hybridization
The RT±PCR ampli®cation products obtained from olfac-Heads from E3 to E20 embryos were cut off and frozen above
liquid nitrogen. Transverse cryosections (15mm) were cut, collected tory epithelium RNA were subcloned in a plasmid vector and
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the nucleotide sequences were determined for three recombi-
nant plasmids. Probes derived from these cloned PCR frag-
ments were hybridized onto genomic blots. The patterns ob-
tained were speci®c for each probe, indicating that COR2, 3,
and 4 are encoded by distinct genes (Fig. 1). The olfactory
receptor genes analyzed to date do not contain introns in the
coding regions. We performed digestions which do not cut
within the probes used (except for the COR2 probe which
contains three PstI sites): the number of hybridizing bands in
Fig. 1 therefore approximates to the number of receptor genes.
Our results indicate that COR3 and COR4 represent two gene
subfamilies with at least six and two members, respectively.
We have so far been unable to identify other members of the
supposed COR2 receptor subfamily.
We screened a chicken genomic library with the COR PCR
fragments and isolated four independent recombinant clones.
One of these contained both the COR2 and COR4 genes,
indicating that these genes are physically linked in the
chicken genome (unpublished results). The complete coding
region was subcloned and sequenced for the three CORs. The
COR genes are intronless, as are most of the heptahelical
superfamily genes, and encode putative proteins ranging from
312 to 332 amino acids (Fig. 2). The three chicken proteins
exhibit seven-transmembrane domains and a conserved puta-
FIG. 2. Deduced amino acid sequences of the chicken olfactorytive glycosylation site in the external N-terminal region.
receptor (COR) genes. The transmembrane domains are boxed. Po-
These characteristics are common features of G-protein-cou- sitions of strictly conserved residues are shaded and the black bars
pled receptors. In the case of olfactory receptors, it should be denote the two blocks of residues (A and B) of higher identity
(70%). The conserved N-terminal putative glycosylation site is
represented in bold letters, and a conserved phosphorylation site
for protein kinase C is underlined. Note the variability in trans-
membrane domains 4 and 5. The Accession numbers for the nucleo-
tide sequences from which these protein sequences were deduced
are X94742, X94743, and X94744.
emphasized that the requirement for carbohydrate branching
points at the N-terminus may afford ef®cient protection
against mucus proteases. The best homology scores for each
COR were found with other vertebrate olfactory receptor
genes. The overall identity between the three chicken se-
quences is 36%. However, the alignment emphasizes the pres-
ence of two blocks with identity higher than 70% (see Fig. 2).
These blocks span intracellular and transmembrane regions,
but never overlap with extracellular domains. Another notable
feature is the increased variability observed in the region span-
ning transmembrane domain 4 (TM4) to transmembrane do-
main 5 (TM5) (28% identity), particularly in TM5 (13% iden-
tity). This region (TM4/extracellular loop 2/TM5) has been
suggested to participate in odor recognition (Lancet and Ben-
Arie, 1993) or alternatively in axonal guidance (Singer et al.,
1995; see Discussion).
FIG. 1. Southern blot analysis with three distinct partial cDNAs Speci®city of COR Gene (or Gene Subfamily)
for odorant receptors. Southern blots of chicken genomic DNA Expression
were hybridized at high stringency with probes derived from PCR-
We ®rst analyzed the tissue speci®city of COR2 genecloned fragments. H, HindIII; P, PstI; T, TaqI; X, XmnI. Positions
of the size markers are indicated in kilobasepairs (lane M). expression by Northern blotting, at Embryonic Day 16 (E16;
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three COR2, 3, and 4 gene subfamilies are not coexpressed
in the same olfactory neuron. Direct evidence for this con-
clusion is presented below (Fig. 8).
In order to investigate whether COR2 expression is re-
gionalized within the olfactory epithelium at E16, serial
sections of the entire olfactory epithelium were examined
in detail for the distribution of cells expressing COR2 tran-
scripts and three-dimensional reconstructions of the olfac-
tory epithelium were made. Positive cells were detected
throughout the entire epithelium without any particular
spatial pattern (not shown), and we conclude that the la-
beled cells are randomly distributed. Patterns of COR3 and
4 were also compatible with a random distribution of ex-
pression within the epithelium.
Developmental Expression of COR Genes (or Gene
Subfamilies)
We used in situ hybridization to examine the distribution
of COR2, 3, and 4 transcripts in E3 to E20 chick embryos.
We found that during embryonic development, the tempo-
ral patterns of expression were very similar for all threeFIG. 3. Northern blot analysis of chicken poly(A)/ RNA from differ-
receptors; thus, only results concerning COR3 are illus-ent tissues at Embryonic Day 16 (E16). Equal amounts (7 mg) of RNA
trated here.were fractionated on a formaldehyde-agarose gel, transferred to nylon
membranes, and hybridized with the 32P-labeled COR2 PCR frag- The ®rst noticeable signals were detected at E5. At E5
ment. OE, olfactory epithelium; OB, olfactory bulb; R, retina. and E6, the nasal pit has a ®nger-like shape and its epithelial
lining is thickened in the deepest part, corresponding to
the olfactory domain. Axons emerging from the olfactory
domain grow dorsocaudally toward the telencephalon,
where the bulb will later form (Fig. 5A). COR mRNAs wereFig. 3). Two transcripts of 2.5 and 1.7 kb were speci®cally
detected in the lane corresponding to olfactory epithelium detected in the olfactory epithelium (Figs. 5A and 5C). La-
beled cells were seen at all levels within the thickness ofmRNA. The two signals were obtained only if large
amounts of poly(A)/ RNA were loaded (7 mg), suggesting the epithelium. In addition to this olfactory epithelial cell
labeling, positive cells were found along the forming olfac-that expression of the COR2 gene is very low in the olfac-
tory epithelium. The two transcripts may be produced by tory nerve (Fig. 5A). The localization of these cells corre-
sponds to that of epithelioid or neuroblastic cells whichdifferential use of promoters or polyadenylation sites. No
signi®cant signals were observed in lanes corresponding to migrate out of the olfactory epithelium toward the telen-
cephalon (Murakami et al., 1991; Norgren and Brackenbury,olfactory bulb or retinal mRNA.
In order to compare the expression of the three chicken 1993). Some of these migrating neurons synthesize LHRH.
In situ hybridization using a mix of the three COR probesolfactory receptor genes at the same stage (E16), serial coro-
nal sections of olfactory epithelium were hybridized in situ was combined with immunocytochemistry using LHRH an-
tibodies. The two molecular markers de®ne two distinct,either separately with individual receptor probes (COR2,
COR3, or COR4) or with a mix of the three probes (Fig. 4). spatially segregated cell subpopulations, COR-expressing
cells being more lateral than LHRH neurons (Fig. 5D). CORWhatever the antisense probes used, we detected a punctate
cellular signal in the olfactory epithelium. No signal was genes were never expressed in LHRH neurons (Fig. 5E). The
labeling with COR probes was lost outside the olfactoryobserved in other regions of the nervous system (including
olfactory nerve and brain) or peripheral tissues (including epithelium after E7. No signal was ever observed after hy-
bridization with a mix of sense probes (Fig. 5B).testis). We noticed that cells expressing the COR4 gene
were ®ve- to sixfold less abundant than cells expressing At E8, the olfactory epithelium is easily recognizable, as
it is con®ned to the superior concha and is thicker than theCOR2 or COR3. It was observed that the number of labeled
cells was higher with the mix of probes than with a single respiratory epithelium (Fig. 6A). From this stage onward,
the level of COR gene expression per cell is much higherprobe (compare Fig. 4D with 4A, 4B, and 4C). In two inde-
pendent experiments, cell counts of consecutive sections than that at earlier stages of development, since the color
reaction required to obtain visible signal took a quarter ofshowed that the number of cells that hybridized with the
mix (1409 and 1475, respectively) was similar to the sum the time required at earlier stages (see legends to ®gures). A
similar difference, in terms of time exposure, was observed(1478 and 1444, respectively) of the numbers of hybridizing
cells to the individual probes. These data suggest that the when 35S-labeled probes were used (not shown). Another
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FIG. 4. In situ hybridization with individual and mixed receptor probes. Serial coronal sections of the nasal cavity at E16 were hybridized
with probes to COR2 (A), COR3 (B), COR4 (C), and a mix of all three probes (D). The number of cells detected with the mix is greater
than those registered with each individual probe. Color reaction time was 5 hr at 307C. Scale bar, 300 mm. nc, nasal cavity; oe, olfactory
epithelium; s, septum; sc, superior concha.
change occurring at E8 is that most of the COR-positive tribution pattern and level of COR expression. If COR expres-
sion is modulated through bulboepithelial interactions aftercells which were randomly distributed at earlier stages be-
come localized basally where immature neurons are ex- E8, it raises the question of COR modulation after discon-
nection of the olfactory epithelium from the bulb.pected to be found (Okano, 1983) (Fig. 6A). Then, as develop-
ment proceeds, the cells become progressively more medial
(Figs. 6B and 6C). At E16, nasal structures are well differenti-
Modulation of COR and Cash-1 Expression afterated (Fig. 4). The olfactory epithelium overlies the cartilagi-
Olfactory Nerve Axotomynous capsule of the superior concha and the part of the nasal
septum facing it, as well as the deep part of the nasal cavity. In order to check the in¯uence of bulboepithelial interac-
tions during olfactory neuron differentiation, we performedCOR labeling was mainly observed in medial neuronal cells
but was also detected in more basal cells (Fig. 6D). From E8 olfactory nerve axotomies at E16. In the chick embryo, the
olfactory nerve is relatively long (12 mm), and the axo-to E20, the level of COR expression per cell was unchanged
but the number of COR-positive cells progressively in- tomy was made close to the bulb. The embryos were sacri-
®ced between 20 to 48 hr after nerve injury and analyzedcreased, reaching a plateau at E16. At E16, the signal de-
tected in mature sensory cells often extended from the cell for COR gene expression using a mixture of the three COR
probes. When embryos were analyzed 20 hr after unilateralbody into the dendrite (Fig. 6D). This suggests that the COR
mRNA is carried through the neuronal dendrite and then axotomy, the olfactory neurons on both sides expressed
COR genes. To check the integrity of the olfactory neurons,translated in the dendritic knob.
The transition from early to later stages of development we used the anti-Ca//calmodulin-dependent protein kinase
type II antibody (anti-CaM kinase II), which gave strong(from E8) thus triggers changes in both COR-positive cell dis-
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FIG. 5. Distribution of cells expressing COR genes at E6. (A) Coronal section showing the spatial relationship of the olfactory region
(right) and the anterior telencephalon (left) through the olfactory nerve (on). COR3-labeled cells are present within the olfactory epithelium
(oe) and along the olfactory nerve (on). (C) Higher magni®cation using Nomarski optics shows the cellular signals within the olfactory
epithelium. (B) Section hybridized with a mix of sense probes lacks positive cells. (D and E) LHRH immunoreactivity and COR mRNA
detection de®ne two distinct cellular subpopulations. (D) Migrating cells are distributed along the olfactory nerve and are revealed in
brown for LHRH immunoreactivity and in blue for the presence of COR transcripts. LHRH-positive cells and COR-positive cells follow
distinct adjacent pathways. (E) Higher magni®cation shows that LHRH neurons do not express CORs. The orientation of the sections in
(A) and (D) is indicated by lt (lateral) and st (septal). Hybridization signals were obtained after 20 hr color reaction (at 377C). Scale bar: (A)
80 mm; (B and C) 60 mm; (D) 120 mm; (E) 30 mm. t, telencephalon.
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FIG. 8. Double-label in situ hybridization shows that the COR3 and COR4 genes are not coexpressed in a single cell during embryonic
development (A) Bright-®eld view of a coronal section at E16 hybridized with a mix of COR3 and COR4 probes. COR3-positive cells
were revealed in brown and COR4-positive cells in blue. Brown and blue products are seen in distinct cells which are interspersed within
the olfactory epithelium. (B) Higher magni®cation with Nomarski optics of the olfactory epithelium at E16 shows two adjacent cells
expressing two different receptor genes (arrows). Color reaction time 5 hr at 307C. (C and D) Bright-®eld and dark-®eld micrographs,
respectively, of a coronal section at E6 hybridized as described above. No cell coexpresses COR3 and COR4. With the dark ®eld, the
brown signal is considerably enhanced and appears as a bright yellow spot (see arrowheads). (E and F) Higher magni®cations with Nomarski
optics and dark ®eld of the olfactory epithelium at E6 show the restriction to a single cell for each RNA/RNA-chromogen-coupled hybrid,
con®rming the absence of COR gene coexpression. Color reaction time was 20 hr at 377C. Scale bar: (A) 120 mm; (B, C, and D) 60 mm; (E
and F) 30 mm.
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FIG. 6. Expression of the COR3 gene during the second half of embryonic development. Low magni®cations of coronal sections of the
nasal cavity at E8 (A), E10 (B), and E14 (C) show the evolution of the general morphology of the nasal structures, notably the increase in
area of the olfactory epithelium and the cartilaginous differentiation of the conchae. The number of labeled cells (dark spots) increases
progressively during development. (D) A detailed view at E16 shows that COR3-positive cells are mainly located in the medial part of
the olfactory epithelium. Mature neurons are labeled in their dendritic extensions (arrows). Color reaction time was 5 hr at 307C. Scale
bar: (A, B, and C) 300 mm; (D) 60 mm. c, cartilage; sm, submucosa; mc, middle concha; re, respiratory epithelium; other abbreviations as
for Fig. 4.
neuronal staining on both sides. In contrast, 40 and 48 hr embryos, 20 hr after axotomy, cells expressing Cash-1 were
rarely detected in the olfactory epithelia (not shown). How-after nerve injury, COR gene expression was practically
abolished on the operated side, whereas positive cells were ever, 20 hr later Cash-1 expression was enhanced on the oper-
ated side compared to the control side (Figs. 7C and 7D). Thisnormally detected in the olfactory epithelium of the control
side (Fig. 7A). Analysis of the same embryos with anti-CaM con®rms the integrity of a subpopulation of cells on the oper-
ated side. Mash-1 (the Cash-1 equivalent in mouse) is essentialkinase II showed a parallel decrease in staining on the oper-
ated side compared with the control side (Fig. 7B). In all for the early phases of olfactory neuron development (Guille-
mot et al., 1993) and could also be involved in neurogenesiscases analyzed, this decrease ranged from 70 to 90%. The
loss of staining for the CaM kinase II antigen indicated that during regeneration. Cash-1 gene reactivation after axotomy
would thus suggest that regeneration is taking place less thanolfactory neurons were degenerating.
A link between olfactory neuron degeneration and regenera- 2 days after the lesion.
tion has been described in lesioned animals (Graziadei et al.,
COR Genes (or Gene Subfamilies) Are Not1979). Taking the loss of COR expression and CaM kinase II
Coexpressed during Embryonic Developmentas precocious signs of degeneration, we looked for possible
early markers of neuronal progenitors and studied Cash-1 gene The observations presented above refer to a quantitative
modulation of COR expression. We also looked for qualita-expression in axotomized olfactory epithelia. As in control
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FIG. 7. Effects of olfactory nerve axotomy on COR and Cash-1 gene expression and on CaM kinase II protein level. (A), (B), and (C) are
serial coronal sections of the nasal cavity of a chick operated at E16 and analyzed at E18. Comparison of the operated side (*) with the
control side does not reveal any morphological or tissular differences. (A) After hybridization with a mix of COR probes, positive cells
are rarely detected on the operated side while the control side shows the presence of COR mRNA-expressing cells. (B) Immunoreactivity
of the CaM kinase II antigen is reduced by 50±70% on the operated side. (C) In situ hybridization with a Cash-1 probe indicates the
presence of transcripts on the operated side. At this stage, Cash-1 expression is almost absent from the control olfactory epithelium. (D)
An enlargement of the olfactory epithelium of the operated side demonstrates Cash-1 expression. Color reaction time was 5 hr at 307C.
Scale bar: (A, B, and C) 300 mm; (D) 120 mm. Abbreviations as before.
tive regulation of COR expression before and after synapto- ceptors during development. For this purpose, we developed
a double-label in situ hybridization procedure using coldgenesis. In adult rodents, it has been shown that a ®ne regu-
lation may ensure that one sensory cell expresses only one riboprobes, derived from the protocol of Schaeren-Wiemers
and Ger®n-Moser (1993). After in situ hybridization with a(or a subset of) OR from the large genomic repertoire (Chess
et al., 1994). Thus, we investigated the possibility of gene mixture of probe pairs, we revealed each type of RNA/RNA
hybrid with two distinct chromogens (for details, see Mate-coexpression within a single cell for the three chicken re-
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rials and Methods). We tested the hybridization cocktails the chick. The absence of zonal segregation of OR expres-
sion rather corresponds to the more limited size and mor-COR2 / COR3, COR3 / COR4, and COR2 / COR4, at
different stages of development. We used a COR3 / COR3 phological complexity of the chick/®sh olfactory organ
compared with rodents and suggests that zonal segregationmix to check that double staining of a single cell was detect-
able (not shown). At E16, whatever the mix used, we were in mammals does not correspond to a basic mechanism for
encoding a correct odor message.unable to detect double staining of a single cell (Fig. 8A,
COR3 / COR4 mix). Cells expressing either of the two The morphological complexity of the olfactory epithe-
different receptors were randomly intermixed within the lium, the size of the OR repertoire, and the OR spatial
olfactory epithelium and were sometimes very close to- expression pattern constitute convergent features shared by
gether (Fig. 8B, arrows). At E6, we obtained the same results chick and ®sh, which may be indicative of the evolution of
except that the level of expression per cell was so low that the olfactory system. Further investigations, across highly
it was dif®cult to distinguish the brown stain. To circum- divergent species and particularly in primates which show
vent this problem, we took advantage of the fact that the a relatively simple organization of the olfactory epithelium
brown precipitate is highly refringent. Thus, when observed (comparable to the chick) would be informative in this re-
under dark ®eld, the blue staining disappears while the spect.
brown product appears as a bright yellow spot, enhancing
the signal (Figs. 8E and 8F, see arrows). As at E16, we never
detected costaining within the same cell at E6. Blue- and
The Early Expression Pattern of COR Genes (orbrown-stained cells were scattered within the olfactory epi-
Gene Subfamilies) within the Olfactory Epitheliumthelium (Figs. 8C and 8D, COR3/ COR4 mix). No clusters
of blue or brown cells were observed. This direct evidence
Our results point to a very early expression of COR genesof the absence of COR gene coexpression at E6 suggests
(or gene subfamilies). At E5, olfactory axons have reachedthat olfactory neurons are committed early on to express
the anterior telencephalon but the bulb does not bulge be-one or a subset of olfactory receptors.
fore E7±E8 and bulboepithelial synapses form after E7. The
®rst expression in the chick is thus earlier than in the rodent
epithelium, where ORs are ®rst expressed 1 day before (E12DISCUSSION in mice) or at the stage (E14 in rat) of olfactory bulb forma-
tion (Nef et al., 1992; Strotmann et al., 1995). At early stages
Chicken Olfactory Receptor Characterization and in the chick olfactory epithelium (E5±E7), labeled cells did
Spatial Expression not show any preferential localization to the basal or apical
side. This indicates that the cell layer organization de-The COR genes that we have cloned present the sequence
scribed for the adult epithelium (Okano, 1983) is not yetcharacteristics of seven-transmembrane domain, G-protein-
established. The localization of OR-expressing cells maycoupled receptors. They show the highest degree of homol-
then mirror movements of cell bodies within the thicknessogy with olfactory receptors identi®ed in various species
of the epithelium relative to the phases of the cell cycle,(Buck and Axel, 1991; Parmentier et al., 1992) and are spe-
similar to those described for the neuroepithelium (Smart,ci®cally expressed in the olfactory epithelium. The genes
1971). Thus, the ®rst expression of COR genes occurs in afor chicken olfactory receptors may belong to subfamilies
relatively immature olfactory epithelium and precedesrepresenting a varying number of genes sharing a high de-
functional synaptogenesis.gree of homology (de®ned by cross-hybridization under
Using double-label in situ hybridization, we provide di-high-stringency conditions). The number of genes per sub-
rect evidence for the lack of COR coexpression within afamily (1 to 6 in the chick) appears similar to that reported
single cell at any step of the olfactory epithelial maturation.for cat®sh ORs (Ngai et al., 1993a). The repertoire of ORs
Thus, olfactory receptor cells are able selectively to expresscould be of the same order of magnitude in both species
one receptor (or a subset) in the absence of epitheliobulbar(evaluated to approximately 100 in the cat®sh, Ngai et al.,
connections. These results favor the ``precommitment1993a), re¯ecting the relatively small size of the olfactory
model,'' as opposed to the ``instructive model'' which pre-organ in birds, particularly in the chicken (Bang, 1971).
dicts a retrograde action of the bulb onto the sensory epithe-Chick and teleost ORs share additional common features.
lium in olfactory receptor choices (Lancet, 1986; MargalitAs for the cat®sh (Ngai et al., 1993b), our in situ hybridiza-
and Lancet, 1993). However, we observed that the level oftion studies demonstrate a random spatial distribution of
expression per cell dramatically increased around E8/E10OR expression within the chick olfactory epithelium. This
when bulboepithelial synaptogenesis occurs. Thus, the ret-contrasts with the few large zones of expression for distinct
rograde effect of the bulb onto olfactory neurons at the onsetOR genes reported for the rodent epithelium (Strotmann et
of synaptogenesis may be quantitative (enhancing the ex-al., 1992; Ressler et al., 1993; Vassar et al., 1993). What
pression of COR genes) rather than qualitative (no effectmight this discrepancy re¯ect at an evolutionary level? The
on receptor choice). However, interference of the bulb inassociation of a random pattern with aquatic life is invali-
dated by the existence of a similar type of distribution in selective survival of olfactory neurons cannot be excluded.
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COR Expression Outside the Olfactory Epithelium transient COR expression may confer on these migrating
cells the role of speci®c substrate (or target) for the early
The only COR expression detected outside the olfactory steps of olfactory system organization.
epithelium was early, transient, and concerned a small pop- The early expression of one OR (or a subset) in cells out-
ulation of cells dispersed along the olfactory nerve between side the olfactory epithelium supports the possibility of a
the epithelium of the nasal pit and the anterior part of the dual function for olfactory receptors, as odor receptors in
telencephalon before E8. Neuronal and nonneuronal cells sensory cilia and as guidance molecules in axons (Vassar et
are supposed to emigrate from the olfactory epithelium at al., 1994; Ressler et al., 1994) and/or in a subpopulation of
these embryonic stages in the chick (Murakami et al., 1991; emigrating epithelial cells (this study).
Norgren and Brackenbury, 1993) as well as in mammals
(see Schwanzel-Fukuda and Pfaff, 1995, for review). Some
Regulation of Two Neuronal Markers aftermigrating neuroblasts synthesize LHRH as shown by im-
Axotomymunocytochemistry. Here, we show that LHRH-immuno-
reactive cells and COR-positive cells de®ne two distinct The onset of synaptogenesis (around E8/E10) seems to
cellular subpopulations. Both subpopulations are associated trigger a new pattern of distribution of COR-labeled cells
with the olfactory nerve during the same period of develop- in the differentiating epithelium and an increase in COR
ment but COR-expressing cells migrate more laterally than expression level (see Results). These changes in COR ex-
LHRH-immunoreactive cells (see Fig. 5D). The ®nal desti- pression prompted us to consider the in¯uence of the bulb
nation and fate of the COR-positive cell subpopulation is on sensory cells. Previous authors have reported that olfac-
not yet clear, since we were unable to detect them after tory neuron degeneration occurs 3 days after bulbectomy or
they reached the rostral part of the telencephalon. Similar olfactory nerve injury in adult birds (Graziadei and Okano,
observations were reported for olfactory marker protein 1979; Kiyohara and Tucker, 1978), showing that the bulb
(OMP) immunoreactive cells from E14 in rats (Valverde et promotes survival of sensory cells. Our molecular analysis
al., 1993) but OMP has not been found in birds, and OR- of chick embryos subjected to unilateral axotomies indi-
expressing cells have not been described along the olfactory cates that neuronal cell death starts rapidly within the olfac-
nerve in mammals. tory epithelium. This olfactory neuronal degeneration is
The functional signi®cance of COR expression outside more precocious than previously described in adult birds
the olfactory epithelium at these stages is unclear. It cannot (Graziadei and Okano, 1979; Kiyohara and Tucker, 1978).
already be associated with chemodetection proper. In adult This discrepancy may be due either to differences in sensi-
rodents, olfactory axons from neurons expressing the same tivity to bulb deafferentation between older embryos and
OR converge on one or a few glomeruli in the bulb (Vassar adult birds or to the higher sensitivity of gene expression
et al., 1994; Ressler et al., 1994). This process could account and protein level analyses versus electron microscope stud-
for the presence of a topographical map of odors in the bulb. ies. The latter hypothesis is favored by our histological anal-
Such a spatial representation of odorants, or chemotopy, yses which did not reveal an increase in cell death within
was demonstrated in response to speci®c olfactory stimula- the epithelium of the operated side.
tion (Guthrie et al., 1993; Sallaz and Jourdan, 1993). Re- Under experimental conditions (axotomy or bulbectomy),
cently, a role for ORs in cell±cell recognition was evoked the cycle of neuronal degeneration and regeneration nor-
based on the molecular and structural analyses of OR genes mally observed in the normal mature olfactory epithelium
(Singer et al., 1995). In this respect, the early expression of is hyperinduced (Graziadei et al., 1979; Doucette et al.,
CORs by olfactory neurons and in cells along the olfactory 1983). Because of the precocious degeneration detected in
nerve is particularly interesting. CORs might be involved our experiments, we suspected that rapid regeneration
in the elaboration of bulbar chemotopy. Cells transiently might also occur. Indeed, Cash-1 expression increased on
expressing CORs could act as pioneer cells, specifying the the operated side 40 hr after nerve injury. This result shows
area of the bulb primordium they reach. A similar speci®- that Cash-1 expression responds rapidly to changes in the
cation of glomeruli by glial cells has been described in inver- local environment. Considering the mechanisms involved
tebrates (Oland and Tolbert, 1989). In the chick embryo, in Ash gene regulation during neurogenesis (Goodbourn,
the migration of epithelial cells occurs before axonal growth 1995), we hypothesize that the degenerating neurons mod-
(Mendoza et al., 1982). Consequently, CORs may also be ify their interactions with neighboring cells, resulting in
involved in axonal guidance as speci®c transient targets for the removal of Cash-1 repressors in the latter. Veri®cation
axons growing from neurons which express the same COR. of this model awaits the identi®cation of the cascade of
In agreement with the latter hypothesis, COR coexpression events linking neuronal degeneration to Cash-1 activation
was never detected within the migrating cells (not shown), under these experimental conditions. Our study indicates
suggesting many different COR phenotypes among these that neuronal differentiation is rapidly engaged after neurec-
cells. Such mechanisms could account for the axonal con- tomy, as far as we can judge by Cash-1 expression. Similar
vergence observed in adult rodents (Vassar et al., 1994; Re- results concerning Mash-1 expression have been recently
ssler et al., 1994). COR expression in such cells stops when obtained in mice olfactory epithelium after bulbectomy
(Gordon et al., 1995). The data on COR and Cash-1 expres-synaptogenesis in the bulb begins. Whatever their fate, the
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olfactory bulb on dendritic knob density of rat olfactory receptorsion after axotomy suggest that neuronal cell degeneration
neurons in vitro. Brain Res. 338, 259±266.and regeneration are two processes that are tightly coupled
Couly, G. F., and Le Douarin, N. M. (1985). Mapping of the earlyand concomitant rather than sequentially set up.
neural primordium in quail-chick chimeras. I. DevelopmentalThe changes in COR expression in normal and experi-
relationships between placodes, facial ectoderm, and prosenceph-mental embryos con®rm that the bulb has a role in terminal
alon. Dev. Biol. 110, 422 ±439.
differentiation and survival of sensory cells. However, we Croucher, S. J., and Tickle, C. (1989). Characterization of epithelial
demonstrate that the bulb does not specify receptor choice domains in the nasal passages of chick embryos: Spatial and tem-
in olfactory neurons. In addition, the COR expression in poral mapping of a range of extracellular matrix and cell surface
migrating cells supports a putative role in axonal guidance molecules during development of the nasal placode. Develop-
for these receptors. This will be further tested in embryos ment 106, 493 ±509.
Doucette, J. R., Kiernan, J. A., and Flumerfelt, B. A. (1983). Twousing an approach based on interspeci®c grafts.
different patterns of retrograde degeneration in the olfactory epi-
thelium following transection of primary olfactory axons. J.
Anat. 136, 673±689.
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